Abstract: Plants can affect soil moisture and the soil hydraulic properties both directly by root water uptake and indirectly by modifying the soil structure. Furthermore, water in plant roots is mostly neglected when studying soil hydraulic properties.
Introduction
Plants can affect soil moisture distributions and the soil hydraulic properties either directly by root water uptake (e.g., Feddes et al. 1988; Zhuang et al. 2001 ) and accumulating water inside the root biomass, or more indirectly by modifying the soil pore structure through the growing root system (e.g., Angers & Caron 1998; Rasse et al. 2000; Kodesova et al. 2006 ). In models describing water movement in plants (e.g., Thornley 1996) , water in soil, root, and shot is separately considered. In soil water flow models (e.g., Hillel 1998) based on Richards equation, water movement is described only in capillary pores and plant effects on soil water are mostly considered in form of a sink term accounting for root water uptake in single or dual porosity systems (e.g., Roose & Fowler 2004; Zumr et al. 2006) . In addition to specific plant water stress function coefficients, soil hydraulic properties, root distributions, and field soil moisture data are required for model development. However, complex feedback reactions and impacts of root systems on spatial and temporal variability of the state variables (i.e., soil moisture, suction head) (e.g., Hupet & Vanclooster 2005) and hydraulic parameters such as increased hydraulic conductivity and preferential flow in stable biopores of plant roots (e.g., Mitchell et al. 1995) are mostly neglected. The methods to determine soil water contents are affected by water inside roots, for instance time-domain reflectometry (TDR) is misinterpreted mostly pronounced at low water contents (Mojid & Cho 2004) .
The objective of this study was to separately determine moisture content in the roots as compared to the bulk soil moisture content and to speculate on the relevance for soil moisture determination techniques and interpretation of soil hydraulic properties.
Material and methods
For the experiments, we selected a field site near the village of Paulinenaue located in the lowlands of the river Havel, about 50 km northwest of the city of Berlin, Germany. Soil type was Mollic Gleysol (FAO, 2006) with 30-cm deep cultivated organic-rich sandy topsoil originating from a former degraded shallow fen. In a field crop of maize (Zea mays L.) of 75 cm row spacing, the total soil volume of a 0.7 m long, 0.4 m wide plot, covering the stand of about 6-7 maize 558 H. H. Gerke & R. O. Kuchenbuch Immediately after sampling, the field-moist mass, M s f , was determined for each of the 84 soil samples of 10 cm edge length before they were air-dried and stored. Soil dry mass, M s d , was obtained from sub-samples that were oven-dried at 105
• C for 24 h. After submerging the remaining soil in water for 24 h, re-hydrated roots were washed out and 'fresh' root mass, M r f , was determined for the radii-classes 'coarse' (>0.5 mm), 'medium' (0.2-0.5 mm), and 'fine' (<0.2 mm). Root samples were stored in alcohol until total root length was determined using the line-intersect method (Tennant 1975; Hamblin & Tennant 1987 ).
The (dry) bulk density of roots, ρ r d , was determined using a pycnometer called GeoPyc (Micromeritics Ltd., Mönchengladbach) for samples from each of the three size classes (Fig. 2) . The automated GeoPyc device measures the displaced volume occupied by the roots including the porosity of the roots in a calibrated cylinder filled with finetextured spheres that behave as a liquid. Soil bulk density, ρ s b , was determined from 104
• C oven-dried root-free mass of each 1 L sample. Solid densities of root biomass, ρ r s , and soil particles, ρ s s , were determined again using pycnometer and Xylol as wetting liquid, while the wet (fresh) densities of root biomass, ρ r f , were measured using water. In analogy to soil properties and neglecting effects of swelling, a mean root porosity of n = 0.82 for the larger roots (Table 1) was obtained from the relation
For each 1 L volume, V s , of the soil blocks, the volumes of roots, V r f , and water θ s r were calculated as Root effects on soil water 559 
using the wet root densities, ρ r f (Table 1) for each size class; and the volumetric soil water contents inside roots, θ s r , using a single mean value of the root-volume related water content of the wet (fresh) roots of θ r = 0.812 obtained from relations between wet and dry root densities ( Table 2 ). The spatially distributed soil water contents inside roots were compared with soil water contents in capillary pores of the soil matrix as θ
where θ s is the total water content obtained by (M 
Results and discussion
The mean soil bulk densities, ρ (Table 1) . Here, standard deviations were rather high indicating that probably unknown contributions of mineral particles, which could not completely be removed because they were strongly attached mainly to larger roots (Fig. 2) , may have affected the individual results. The estimated mean root water content of θ r = 0.812, corresponded with the porosity calculated for coarser roots. This value is, of course, a simplification since the root water content and densities are variable and depending on the osmotic state of the cells (Hamza et al. 2007) . Note that the fraction of water in roots is maximal here because roots were fully saturated with water here while under water stress in the field the root water fraction could be smaller. For the purpose of this study it might be sufficient to compare soil and root water contents since no other information is available to utilize the spatially distributed root mass distributions.
For both the root biomass and the soil and root water contents, we found relatively large gradients perpendicular to Maize rows and in the vertical direction. For the individual soil blocks, the volumetric soil water contents in roots, θ s r , were mostly below 0.2 % but ranging between 1 and 2 % close to the Maize plants (Table 2, The relative proportion of soil water inside roots (Fig. 3a) was mostly below 5% of the total soil water content; however, the local values were up to 20% depending on the root biomass and the soil moisture distributions (Fig. 3b) . For the values perpendicular to plant rows and averaged (4 values) in row direction, the contribution of root water to soil water showed a clear trend towards the location of the Maize row that resulted from a combination of relatively low soil water content and intense root biomass. Similar effects of Maize row layout on soil water were reported (e.g., Amato & Ritchie 2002; Hupet & Vanclooster 2005) .
The soil hydraulic properties (Fig. 4) are assumed to represent the water in mostly capillary soil pores; water retention and unsaturated hydraulic conductivity curves are in standard lab experiments usually determined for soil samples excluding root effects. Here, these curves for the Gleysol of the Paulinenaue site allow calculating largely different matric potential values if water contents with and without root water are used. The example (Fig. 4) indicates that 20-% root water content suggests a shift in matric potentials from a value of -10,000 to -1,000 cm and a similar increase in hydraulic conductivity by a factor of 10. The results suggest that soil moisture in intensively rooted horizons should be separated in water inside living biomass and water inside the capillary porous soil matrix. Upon drying, the relation between the two soil water fractions may change dramatically towards water remaining in biomass. This is especially true for the more sandy soils with lower water retention properties and depending on growth stage and root distribution. Root effects on soil moisture measurements are different depending on the method used for water content determination. Not only the location of water content sensors is critical as indicated by Hupet & Vanclooster (2005) but also the root water effects.
Gravimetric soil water content measurement will be misleading if roots are not excluded and effects are not considered, and water retention and flow rates based on these data will be questionable. Other instruments such as TDR probes will provide some still unknown integrated result (Mojid & Cho 2004 ) probably not comparable to the capillary matric potential heads determined with tensiometers. Consequently, Mojid & Cho (2004) evaluated a 4-phase dielectric mixture model that includes the volume of the roots separately. Water content measurements are critical for validation of soil water and root water uptake models (e.g., Gong et al. 2006 ) especially when spatially distributed flow rates and root water uptake are described or inverse modelling is applied for parameter estimation (e.g., Sonnleitner et al. 2003) .
In most cases, the soil water available for root uptake will be overestimated if root water is not considered, and irrigation demand and plant stresses are incorrectly interpreted. Root effects should be more intensively studied before field soil water balance calculations could be improved. Furthermore, the analysis of the total soil volume suggests that the root effects on soil moisture are spatially variable and temporally relevant only at different stages in the vegetation period, a topic that requires further quantification.
We conclude that soil hydraulic properties calibrated or fitted using field moisture data may be misleading if the root effects are not considered. Combined 3D models of root architecture and flow patterns (e.g., Darrah et al. 2006 ) may provide a challenging alternative to include the spatial distribution of root water as well as for improved testing soil moisture instruments in the root zone.
